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sus	 aspectos	 más	 importantes,	 particularmente	 se	 describirá	 el	 origen	 y	 la	 naturaleza	 de	 las	
fuerzas	de	microadesión.	A	 continuación,	 se	procederá	a	describir	el	 sistema	y	 las	herramientas	













operation	uncertain.	As	obvious,	 having	 an	object	 that	 stays	 attached	 to	 the	 gripper	during	 the	
releasing	phase,	it	is	a	very	unpleasant	behaviour.	We	analysed	those	phenomena	in	the	chapter	








The	 gripper	 studied	 in	 the	 course	of	 this	 thesis,	 uses	 the	 vacuum	as	manipulation	 strategy,	 but	
tries	 to	 solve	 the	 issue	 of	 sticking	 forces	 adding	 a	 releasing	mechanism.	 The	 pictures	 Figure	 1,	
Figure	2,	Figure	3	and	Figure	4,	allow	to	understand	how	this	gripper	works:	 it	 is	composed	by	a	
holed	 needle	 that	 sucks	 the	 air	 from	 below;	while	 doing	 this	 the	 component	 adhere	 to	 the	 tip	
blocking	 the	 passage	 of	 air	 and	 generating	 vacuum	 that	 retains	 the	 object.	 Inside	 the	 gripper,	







































The	 robotics	 is	 that	 branch	 of	 engineering	 that	 deals	 with	 those	 programmable	 mechatronics	
systems	 capable	 of	 sensing,	 computing	 and	 actuating	 in	 order	 to	 comply	 specific	 tasks.	 Those	
systems	are	generally	 referred	 to	as	 robots.	 Those	machines	 combine	knowledge	 from	different	
fields	such	as	mechanics,	electronics	or	controlling,	but	also	many	others	more	dependent	to	the	
task	 they	 are	 designed	 for	 (chemical,	 biological,	 optical…).	 The	 word	 robot	 descends	 from	 the	
ancient	 Slavic	word	 robota	 that	mean	hard	work	 and	was	 often	 used	 referring	 to	 corvée	work.	
Later	on,	 the	Czech	writer	Karel	Čapek,	 in	his	play	R.U.R.	 (1920),	called	 robots	 the	mindless	and	
emotionless	workers	of	the	factory	in	which	the	drama	takes	place	[2].	
Nowadays	robots	are	getting	more	and	more	common	in	our	houses,	as	couriers	and	in	thousands	













Since	 technologies	 evolves,	 industrial	 processes	 have	 to	 change	 too	 in	 order	 to	 be	 accurate	








is	one	of	 the	most	advanced	surgical	 robot:	 this	 system	guarantees	minimally	 invasive	 surgeries	
with	evident	benefits	for	the	patient	[4].	Another,	closer	to	our	experience,	example	is	electronics:	
years	 after	 years	 robots	 allowed	 to	 assemble	 more	 powerful	 and	 much	 smaller	 CPUs,	 literally	
changing	the	everyday	life.	
Those	micro-robots	must	 be	more	 advanced	 than	 their	 bigger	 counterparts	 and,	moreover,	 are	
called	to	solve	additional	problems:	while,	in	fact,	the	manipulators	are	twice	smaller	than	normal,	
the	components	they	must	handle	are	thousands	of	times	tinier.	For	this	reason,	actuators	must	
guarantee	 higher	 precision	 and	 accuracy	 that	 can	 be	 achieved	 using,	 for	 example,	 deformable	
materials	 to	 lower	 the	 friction	 [5].	 The	 side	 effects	 of	 those	 mechanisms	 are	 the	 nonlinear	
behaviour	and	the	strong	hysteresis,	that	makes	them	harder	to	model	and	raise	the	control	costs.	
Then	 those	 actuators	 need	more	 advanced	 sensors:	 while	 microscopes	 generally	 carry	 out	 the	















control	 strategies	 and	 programming	 modalities.	 For	 example,	 very	 often	 in	 industrial	 realities,	
robots	are	programmed	manually:	the	operator	moves	them	remotely	the	first	time	and	then	the	
devices	 repeat	 the	 recorded	 trajectories.	 This	method	 can’t	 be	used	with	micro-robots	 because	
human	 eye	 generally	 can’t	 achieve	 the	 required	 precision	 due	 to	 the	 littleness	 of	manipulated	
objects.	Often	downscaling	the	standard	assembling	strategies	 is	not	possible	or	very	 inefficient.	
Miniaturization	 of	 components	 or	 processes	 can	 be	 complex,	 because	 the	 physical	 phenomena	
involved,	may	not	all	change	in	the	same	manner	as	the	scale	is	reduce.	For	instance,	scaling	down	
a	violin	generate	a	new	instrument	with	a	very	different	range	of	notes	from	the	original	one.	The	
same	 happens	 for	 the	 majority	 of	 the	 application	 in	 microrobotics	 especially	 with	 all	 those	
phenomena	not	proportional	to	volume	(like	surface	tension)	[6].	
Finally,	 the	 most	 significant	 problems	 in	 micro-world	 are	 micro-forces:	 moving	 objects	 of	 few	
microns	 is	 much	 different	 from	 handle	 bigger	 ones.	 In	 macroscopic	 applications,	 the	 focus	 of	
manipulating	 is	 on	 grabbing	 objects	 while	 the	microrobotics	must	 give	 a	 special	 importance	 in	
releasing	too:	as	reasonable	tiny	components	have	tiny	masses	with	consequent	tiny	gravitational	
force	 that	 many	 times	 is	 negligible	 compared	 to	 adhesion	 forces.	 These	 adhesive	 forces	 arise	









objects	 being	manipulated	 and/or	 the	position	of	 end-effectors,	 as	well	 as	 the	 applied	 forces	 is	
never	a	trivial	task	[6].	
2.1.1. POSITION	
Visual	methods	 are	 the	most	 common	 solution	 to	measure	 the	 position	 of	micro-objects,	 since	





limitations.	 For	 example,	 the	 optical	 microscope	 lacks	 a	 good	 depth	 and	 width	 of	 field	 and	
robustness	to	illumination,	which	are	problems	that	must	be	taken	into	account	during	the	design	
of	visual	systems.	The	use	of	electron	microscopy	is	an	alternative	method	and	has	the	advantage	
of	 an	 infinite	 depth	 of	 field	 but	 introduces	 a	 certain	 delay	 time	 (about	 500	ms).	 This	 tool	 was	
initially	 developed	 to	 imaging	 micrometer-sized	 structures	 and	 not	 to	 carry	 out	 visual	 tasks.	
Nowadays	 the	 automatic	 measurement	 of	 the	 3D	 position	 of	 micro-components	 remains	 a	
significant	 obstacle	 in	 automation	 of	 micromanipulation	 tasks:	 for	 example,	 every	 time	 that	 a	







and	 control	 of	 stress.	 The	 adjustment	 of	 force	may	 be	 important	 to	 ensure	 a	 good	 grip	 during	
grasping	(neither	excessive	nor	insufficient),	not	risking	to	damage	the	manipulated	components,	
or	 to	 calibrate	 the	 force	of	 insertion	during	 and	assembly	operation,	 or	 to	detect	 contacts.	 The	
order	of	magnitude	of	the	forces	clearly	depends	on	the	application	and,	 in	general,	varies	from	
micro	 to	millinewton.	 The	measurement	 of	 the	manipulation	 force	 applied	 is	made	 difficult	 by	






sometimes,	 chemical	 composition	 of	 air	 can	 compromise	 the	 reliability	 of	 an	 automatic	





Micro-scales	 introduce	 specific	 fabrication	 limitations.	 The	 robots’	 components	 cannot	 be	
constructed	by	 traditional	 fabrication	processes	 that	are	 replaced	by	unconventional	 (and	much	
more	 expensive)	 ones:	 electrical	 discharge	 machining,	 electron-beam-inducted	 decomposition,	
laser	sinterization,	etc.	Sometimes	constructors	build	actuators	and	terminal	 tools	 together,	 in	a	
single	monolithic	structure,	 in	order	to	ease	the	assembling	but	with	more	fabrication	problems,	




fabrication	 but	 harder	 installation).	 Finally,	 the	 design	 of	 all	 this	 actuators	 requires	 a	
multidisciplinary	 knowledge	 in	 automation,	 microfabrication	 and	 material	 physics.	 Therefore,	
when	possible,	is	normally	preferable	to	use	components	with	simpler	design	[6].	
Actuators	used	in	micro-scale	may	be	a	miniaturized	version	of	conventional	ones,	but	with	finer	
construction	 parameters	 that	 make	 them	 more	 precise,	 or	 may	 be	 specifically	 designed:	 this	












As	 shown	 by	 the	 previous	 picture,	 piezoelectric	 materials	 stores	 in	 themselves	 positive	 and	
negative	 charges,	 that	 make	 the	 component	 stretch	 or	 shorten	 when	 a	 potential	 difference	 is	
applied.	Both	linear	and	rotary	motors	based	on	this	technology	exist.	These	piezoelectric	motors	
use	three	groups	of	crystals:	two	of	which	are	Locking	and	one	Motive,	permanently	connected	to	
either	 the	 motor's	 casing	 or	 stator	 (not	 both)	 and	 sandwiched	 between	 the	 other	 two,	 which	
provides	 the	motion.	 These	 piezoelectric	motors	 are	 fundamentally	 stepping	motors,	with	 each	
step	 comprising	 either	 two	 or	 three	 actions,	 based	 on	 the	 locking	 type.	 Another	 mechanism	






A	 different	 solution,	 based	 on	 similar	 physical	 effects,	 consists	 in	 electrostatic	 motors	 that	 are	
based	on	 the	attraction	and	 repulsion	of	electric	 charges,	 and	can	be	 somehow	consider	as	 the	
counterpart	of	conventional	coil-based	motors.	The	image	Figure	11	shows	an	example	of	this	kind	
of	motor.	The	central	rotor	is	the	circular	blue	structure	in	the	middle	held	to	the	substrate	by	the	
central	 bearing	 (structure	 in	 red).	 Around	 the	 perimeter	 of	 the	 rotor,	 are	 placed	 the	 stators	
(represented	 in	 blue	 too)	 with	 properly	 phased	 voltages.	 Those	 potential	 differences	make	 the	






Micro-actuators	 exploits	 many	 effects	 of	 physics,	 not	 only	 related	 to	 electrical	 charges:	 shape	
memory	alloys	(SMA)	represent	an	example.	SMAs	are	materials	able	to	“remember”	their	initial	











manipulated	 by	 micromanipulators.	 This	 should	 suggest	 that	 there	 are	 no	 standards	 and	 that	
every	application	must	be	studied	separately.	
In	 addition,	 in	 biomanipulation,	 another	 issue	 to	 overcome	 is	 biocompatibility.	While	materials	
such	as	silicon,	silicon	dioxide,	as	well	as	many	polymers	are	biocompatible,	the	processes	used	to	
create	the	gripper	can	contaminate	it.	In	this	case,	a	coating	with	a	biocompatible	film	can	become	










of	 different	 shapes,	 sizes,	 actuating	 principle	 and	material	 depending	 on	 the	 use.	 Some	 of	 the	
actuating	methods	involve	the	use	of	electrostatics,	pneumatics	or	shape	memory	alloys	each	one	
with	 their	 pros	 and	 cons.	 The	 cutting	 edge	 technology	 is	 moving	 the	 fingers	 using	 thermal	
biomorth	 actuators	 that	 exploits	 the	 mismatch	 of	 the	 thermal	 expansion	 coefficients	 between	
aluminium	and	silicon:	while	heating	the	structure	bends	closing	the	gripper	[10].		
As	 said	 in	 the	 paragraph	 2.1.2,	 forces	 are	 not	 easy	 to	 be	measured.	 But	 often,	 to	 keep	 under	
control	the	force	applied	on	the	fingers,	the	piezoresistive	or	capacitive	properties	of	materials	are	
exploited.	 Many	 conducing	 materials	 change	 their	 electrical	 resistance	 R	 with	 mechanical	
deformation	 (in	 some	 cases	 this	 change	 is	 remarkable).	Moreover,	 for	 a	 given	material,	 the	 so	
called	gauge	factor	g=(ΔR/R)/( ΔL/L)	remains	constant	(where	L	is	the	length	of	the	finger).	Using	
those	information	it	is	possible	to	calculate	the	strain	through	the	measurement	of	the	variation	of	
resistance:	 reversing	 the	 gauge	 factor	 formula	 can	 be	 found	 the	 deformation,	 and	 through	 the	








The	 grippers	 based	 on	 friction	 can	 count	 on	 quite	 high	 accuracy	 but	 are	 influenced	 by	 the	
geometry	 of	 the	 object	 and	 can	 damage	 them	 through	 scratches	 or	 deformations	 and	 for	 this	




Less	 conventional	 end-effectors	 use	 other	 principles	 such	 as	 electrostatics.	 It	 consists	 in	
establishing	 a	 potential	 difference	 between	 the	 gripper	 and	 the	 surface	 where	 the	 object	 is,	
inducting	a	charge	on	 the	object	 itself	 that	 therefore	stays	attracted	 to	 the	robot.	 It	works	with	
both	conductive	and	non-conductive	materials.	This	method	guarantees	a	comparable	accuracy	to	
friction	 grippers’	 but	 with	 less	 risk	 of	 damaging	 components	 (due	 mostly	 to	 inductive	
interference).	The	grip	force	is	in	the	order	of	mN	but	depends	on	the	charged	surface’s	extension	
and	retainable	along	the	grip	surface.	Grip	stiffness	depends	on	the	friction	[7].	













The	 side	 effects	 of	 the	 method	 are	 the	 traces	 left	 on	 the	 surfaces	 that	 must	 be	 removed	 (by	










the	gripper	can	carry	out	 the	gripping	phase:	as	 the	 tool	enters	 in	contact	with	 the	component,	
dipolar	forces	are	relatively	induced	between	the	two	elements.	The	contact	may	cause	scratches	












needle	 in	 which	 is	 created	 a	 certain	 degree	 of	 vacuum:	 the	 sucked	 airflow	 and	 the	 pressure	
difference	make	the	moved	object	adhere	with	the	end-effector.	As	other	manipulation	strategies	
this	one	 can	 cause	 scratches	 too,	but	 allow	great	precisions	 and	accuracy	and	 the	 shape	of	 the	
object	is	not	a	critical	factor	(exception	made	for	opened	structures	or	porous	materials).	The	grip	
stiffness	 depends	 on	 the	 friction	 while	 the	 grip	 force	 is	 retainable	 along	 the	 grip	 surface.	 The	
details	of	specific	grippers	used	for	this	work	will	be	discussed	in	the	following	chapters.	
Finally	 in	 certain	 field	 is	 applicable	 also	 the	 so-called	 phase-transition	 grippers,	 that	 exploit	 the	
transition	of	a	material	(typically	water)	from	liquid	to	solid.	As	reasonable,	this	technology	can’t	





of	 damaging	 the	 object	 by	 scratches,	 deformation	 or	 contamination.	 Due	 to	 those	 reasons,	
contactless	 methods	 are	 particularly	 suitable	 in	 biomanipulation	 where	 samples	 must	 be	
completely	 isolated	 from	 the	 environment.	 Moreover,	 those	 solutions	 cancel	 the	 problem	 of	
sticking	effects	caused	by	adhesion’s	micro-forces.	
Bernoulli	 grippers	 enters	 this	 category	 and	 works	 thanks	 to	 air	 pressures	 differentials.	 The	
incoming	 compressed	 air	 is	 deflected	 radially	 in	 the	 gripper	 and	 flows	 back	 out	 between	 the	
workpiece	and	gripping	 surface.	 The	air	 is	 routed	 through	a	 very	narrow	gap	between	 the	end-
effector	 body	 and	 the	 core	 in	 the	 gripper,	which	 greatly	 accelerate	 its	 speed.	 The	 high	 outflow	
speeds	generate	a	vacuum	between	the	gripper	and	the	workpiece.	Spacers	hold	the	object	at	a	









A	 less	 conventional	 approach	 to	 obtain	 contact-less	 manipulation	 is	 achieved	 using	 ultrasonic	
acoustic	waves.	 The	working	 principle	 of	 this	 technology,	 implies	 the	 use	 of	 near-field	 acoustic	
pressure,	which	repels	 the	planar	object	 from	the	gripper	surface,	while	a	 low	pressure	vacuum	















A	typical	example	of	 robotic	application	 is	divided	 in	 three	phases:	pick,	 transport	and	place.	As	
explained	before,	when	handled	objects	weigh	some	grams	the	most	critical	moments	are	either	
the	 pick	 up	 or	 the	 transport.	 On	 the	 other	 hand,	 when	 parts	 to	 be	 handled	 are	 less	 than	 one	
millimetre	 in	 size,	 adhesive	 forces	 between	 gripper	 and	 object	 can	 be	 significant	 compared	 to	
gravitational	forces,	making	the	releasing	part	much	harder.	Those	sticking	effects	can	jeopardize	
the	 gripping	 part	 too,	 since,	 for	 instance,	 the	 electrostatic	 forces	 can	 cause	 the	 component	 to	
jump	off	the	surface	into	the	end-effector	as	soon	as	it	gets	close	enough.	

















Depending	 on	 the	 sign	 of	 the	 charges,	 the	 Coulomb’s	 force	 may	 be	 either	 attractive	 (q1,	 q2	
discordant)	 or	 repulsive	 (q1,	 q2	 concordant).	 A	 comparison	 of	 the	 Coulomb’s	 force	 and	 the	
Newton’s	gravitational	force	between	two	charged	particles	(e.g.	a	proton	and	an	electron)	shows	
that	 the	 electrostatic	 one	 is	 2.2∙1039	 times	 greater	 than	 the	 other,	 due	 to	 the	 smallness	 of	
gravitational	constant.	During	the	everyday	 life,	electrostatic	forces	are	observable,	 for	example,	




neutrality	 between	 gripper	 and	 handled	 part	 is	 very	 hard.	 Friction	 and	 differences	 in	 contact	
potentials	 may	 generate	 significant	 amounts	 of	 charge,	 which	 can	 be	 estimated	 through	 the	
Gauss’s	law	(neglecting	boundary	conditions)	[15].	









E ≈ 	 σ𝜀'𝜀( 𝑧	 (3.3)	
P = 12 𝜀'𝜀( 𝐸 + = 12	 σ+𝜀'𝜀( 	 (3.4)	
P	is	known	as	the	electrostatic	adhesive	pressure	for	two	parallel	extended	plates,	it	is	measured	




The	 environment	 influences	 directly	 the	 maximum	 charge	 density	 in	 a	 media,	 for	 example,	 at	
atmospheric	pressure	and	centimetre	size	gaps,	the	maximum	density	for	silicon	is	σmax=3∙10-5 Cm-
2. Defining	L	as	 the	 length	of	 the	side	of	a	silicon	cube,	 it	 feasible	 to	estimate	the	smallest	cube	
that	will	not	stick	due	to	electrostatic	force.	
𝐿 = σ+2𝜀'𝜀(𝜌;<𝑔	 (3.5)	

















As	 discussed	 briefly	 in	 the	 previous	 paragraph,	 matter	 is	 normally	 electrically	 neutral.	 Even	 if	
molecules	don’t	possess	net	charges,	 they	may	have	a	dipole	which	can	be	either	permanent	or	
inducted,	 depending	 if	 the	molecule	 is	 symmetric	 or	 not.	 It’s	 important	 to	 underline	 that	 even	













between	 bodies.	 In	 1937	 Hamaker	 studied	 the	 phenomenon,	 hypothesizing	 the	 resultant	 force	
between	 two	 objects	 were	 the	 sum	 of	 all	 contribution	 given	 by	 each	 molecule.	 Under	 this	
consideration,	Hamaker	discovered	 that	 there	 is	a	 significant	difference	between	Van	der	Waals	









bodies	 as	 continuous	 media	 (ignoring	 their	 atomic	 structure),	 with	 the	 only	 difference	 of	 the	
constant	(called	Lifshitz’s	constant)	[16].	
Finally,	 about	 those	 intermolecular	 forces	 is	 important	 to	underline	 their	 strong	dependence	 to	
materials.	For	example	the	attractive	effect	results	greatly	reduce	when	the	objects	are	immerse	





his	 research	 on	 the	 origin	 of	 viscous	 forces.	 The	 Casimir	 effect	 consists	 in	 an	 attractive	 force	
between	 two	 solids	 placed	 in	 the	 vacuum.	 Its	 origin	 is	 quantum-mechanical.	 A	 typical	 example	
consists	in	studying	this	effect	between	two	perfectly	conductive,	uncharged	plates	set	in	vacuum	
[8].	


















and	 often	 is	 caused	 by	 condensation	 of	water:	 therefore,	 relative	 humidity	 of	 the	 environment	








𝐹>?H<II?(J = −2γ cosθ* + 𝑐𝑜𝑠𝜃+ 𝑏𝑙 	 (3.7)	
The	constant	γ	is	the	superficial	tension	and	for	water	(25°C)	is	73	mN/m.	From	the	equation	(3.7),	
one	could	conclude	that	the	range	of	the	force	is	large,	especially	if	compared	to	forces	analysed	in	
previous	paragraphs,	 since	 it	varies	 linearly	with	 the	 length.	However,	 it’s	 important	 to	consider	
that	as	the	separation	increase,	the	contact	angles	would	 increase	too	with	the	reduction	of	the	






In	 this	 paragraph	 a	 practical	 case	 will	 be	 studied,	 calculating	 the	 principal	 forces	 that	 cause	
adhesion.	 The	 objective	 of	 the	 analysis	 is	 to	 give	 an	 idea	 of	 the	 scale	 of	 adhesion	 forces.	 The	
objects	considered	are	a	gripper,	represented	by	a	conductive	plane,	and	the	manipulated	part	by	






Therefore,	the	weigh	is	easy	to	find:	𝑊 = 𝑀𝑔 ≈ 1.2	𝜇𝑁.	
3.5.1. ELECTROSTATIC	FORCE	
The	electrostatic	force	in	this	case,	may	be	calculated	with:	
𝐹[\@ = 𝑞+4𝜋𝜀(𝜀'(2𝑅)+	 (3.8)	








𝑞 = σ	(πR+)	 (3.9)	






𝐹bcd = h	R8𝜋𝑙+	 (3.11)	




ℎ = 𝜋+𝐶𝜌*𝜌+	 (3.12)	
With	𝜌< 	are	the	density	of	atoms	in	the	two	objects	and	𝐶	is	called	phenomenological	constant	and	
describes	 how	 the	 molecules	 of	 the	 two	 materials	 interact	 in	 the	 medium	 where	 they	 are	
immerse.	 In	accordance	to	some	experiments	made	by	some	researchers	of	MIT	[17]	a	value	for	













When	 the	 separation	 distance	 is	 much	 smaller	 than	 the	 size	 of	 objects	 and	 if	 are	 considered	
hydrophilic	materials,	the	formula	can	be	simplify:	
𝐹>?H = 4πRγ	 (3.14)	











the	 objects,	materials,	 hygrometric	 conditions	 of	 environment.	 The	 small	 sizes	make	 everything	
even	 harder	 because	 they	 limit	 the	 approximations.	 As	 seen,	 downscaling	 the	 manipulated	
objects,	require	a	better	modelization:	parts	that	seems	in	contact	are	separated	due	to	roughness	















Nowadays	 vacuum	 grippers	 are	 very	 diffused	 in	 microrobotics	 thanks	 to	 their	 versatility.	 They	
normally	allow	 to	 reach	a	higher	accuracy	 than	 the	more	conventional	micro-tweezers	because,	
for	 example,	 they	 need	 to	 be	 in	 contact	 with	 only	 one	 surface	 of	 the	 manipulated	 object	
(differently	 by	 the	 counterpart	 based	 on	 friction	 that	 need	 at	 least	 two).	 Pliers,	 to	 reach	 high	
accuracies,	 need	 to	 guarantee	 as	 much	 as	 possible	 the	 symmetry	 of	 fingers’	 movement;	 this	
problem,	 instead,	 does	 not	 affect	 vacuum	 end-effectors.	 Similarly	 tweezers	 can	 cause	 damages	











𝐹o(<H = f(∆P, A)	 (4.1)	
The	𝐹o(<H,	 of	 course,	 varies	with	 the	 size	 of	 the	 gripper,	 but	 in	micro	 handling	 applications	 the	
actual	vacuum	degree	 is	 in	 the	 range	of	 -30	/	 -80	kPa,	which	produces	 the	specific	grip	 force	of	









range	 of	 weights,	 this	 problem	 is	 negligible,	 and	 even	 asymmetrical	 components	 don’t	 cause	















12	 kg.	 Its	 five-joint	 are	 closed	 in	 the	 link	 structure	and	 the	arm	 section	 is	 downsized	and	made	
highly	 rigid,	 to	allow	 increase	of	productivity	with	high-speed	operations.	 It	has	 four	degrees	of	
freedom	since	it	can	move	along	the	cartesian	axis	x,	y	and	z,	plus	the	rotation	of	the	end-effector.	









The	 last	 vertical	 link	 is	 a	 hollow	 cylinder	 to	 allow	 the	 air	 flow	 inside;	 as	 said	 in	 the	 previous	
paragraph	the	use	of	vacuum	is	very	common	in	micromanipulation	strategies.	The	terminal	part	
of	 this	 last	 link,	 has	 a	 standard	 ISO	M6	 screw	 to	 attach	 the	 grippers	 and	 end-effectors	more	 in	




In	order	 to	use	 the	vacuum	as	micromanipulation	strategy,	a	vacuum	generator	 is	 fundamental.	
Many	 are	 the	 strategies	 available	 today	 on	 the	 market	 to	 generate	 a	 negative	 (relative	 to	
atmosphere)	pressure	like	using	different	kind	of	pumps;	but	in	industrial	field	the	most	diffused	
method	 to	 carry	 out	 the	 task	 is	 to	 exploit	 the	 Venturi	 effect.	 To	 accomplish	 the	 work	 we	 are	




withstands	 an	 acceleration.	 In	 fact,	 for	 uncompressible	 fluids	 in	 laminar	motion,	 its	 volumetric	
flow	rate	remains	constant:	
𝑄u = 𝑆	𝑉 = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡	 (4.2)	








But	 the	 change	 of	 𝑉	 cause	 a	 variation	 on	 pressure	 too:	 under	 the	 same	 hypothesis	 of	
uncompressible	fluid	and	laminar	flow,	is	valid	the	Bernoulli	law	(4.3)	[19].	
𝐻 = 𝑉+2𝑔 + 𝑃𝜌𝑔 + 𝑧 = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡	 (4.3)	
The	 second	member	 of	 the	 formula	 is	 called	Bernoulli’s	 trinomial,	 and	 ties	 the	 average	 velocity	
with	 two	other	variables:	pressure	𝑃	and	height	𝑧.	Supposing	a	horizontal	 tube	with	a	diameter	
variation	the	(4.3)	becomes:	














One	of	 the	 vacuum	generator	used	 is	 the	COAX©	Micro	Ti05-2.	However,	 it	 cannot	work	 alone	
because	it	is	a	cartridge	that	must	be	installed	in	a	specific	device	produced	and	sold	by	the	same	
company	(PIAB).	Many	models	of	this	device	exist	and	the	one	used	is	the:	piCOMPACT10	(Figure	






























































and	 ready	 to	 use	 solution.	 The	 principal	 difference,	 as	 the	 name	 suggests,	 from	 the	 previous	
product	is	the	possibility	to	be	used	alone,	with	no	other	components	needed.	Of	course,	adding	a	

















for	 one	 input	 pressure	 only	 (6	 bar).	 This	 lack	 limited	 in	 some	 occasions	 our	 work,	 as	 we	 will	













As	 said,	 to	 be	 clearer	 some	 components	 and	 subparts	 require	 a	 name.	 For	 example	 since	 the	
gripping	device	presented	briefly	in	the	first	chapter	hasn’t	a	specific	name,	from	now	on	we	will	





























































































Figure	 37	 –	 Section	 view	 of	 the	 ITIA	 gripper	 with	 its	 main	
dimensions	specified	
	
Figure	 38	 –	 Releasing	 device	 with	 its	 main	 dimensions	
specified.	
	
The	 picture	 Figure	 39	 in	 the	 next	 page,	 then,	 permits	 to	 understand	more	 deeply	 the	mode	 of	
operation	of	the	device.	As	suggested	by	the	image,	the	adaptor	(light	grey	component)	not	only	
ensures	 the	 stable	 link	between	 the	 robot’s	 link	 and	 the	 gripper,	 but	 accomplishes	 a	 functional	
role;	in	fact	when	the	air	flows,	without	this	component,	the	releasing	device	would	be	sucked	in	



























The	mass	 represented	 in	Figure	38,	 consists	 in	a	holed	disk	made	of	 steel	with	 two	spokes	 that	





release.	 Sometimes	 maybe	 due	 to	 environment,	 maybe	 due	 to	 the	 materials	 in	 contact,	 the	
smallest	and	lightest	manipulated	objects	do	not	fall.	We	would	like	to	underline	that	the	patented	
device	 greatly	 increase	 the	 performances	 if	 compared	 to	more	 standard	 vacuum	 grippers	 with	
more	conventional	releasing	strategies	(such	as	positive	air	blow).	However	thinking	to	industrial	
reality,	 if	a	gripper	doesn’t	 release	always	the	components,	 the	production	may	suffer	delays	or	
even	suspensions;	especially	when	the	operations	of	the	productive	process	are	very	fast.	
To	overcome	the	problem,	a	good	solution	is	to	increase	the	mass	of	the	releasing	system,	at	least	
in	 those	 application	 where	 the	 manipulated	 part	 is	 not	 too	 fragile.	 A	 larger	 weight	 and	
consequently	 a	 stronger	 hit	 can	 cause	 a	 decrement	 in	 performances	 in	 terms	 of	 accuracy	 and	
precision.	 To	 bypass	 this	 issue,	 one	 can	 think	 to	 use	 a	 sticking	 surface	 (like	 many	 companies	
already	do).	
A	very	promising	starting	point	to	analyse	the	impact	given	by	a	heavier	needle,	seemed	to	be	the	
use	 of	 rapidograph	 (which	 is	 a	 very	 precise	 technical	 pen	 for	 drawing)	 nibs	 as	 end-effectors.	
Similarly	to	the	ITIA	grippers,	they	are	composed	by	a	holed	cannula	and	an	internal	needle	with	a	






since	 they	 are	 (almost)	 ready	 to	 be	 used	 as	 grippers,	 the	 rapidograph	 seems	 to	 be	 particularly	
suitable	for	testing.	
The	 rapidographs	 initially	 considered	 were	 chosen	 because	 already	 available	 in	 the	 laboratory.	
Even	if	those	nibs	were	partially	damaged	by	the	wear	and,	 in	some	occasions,	the	 inner	needle	
was	blocked	by	 the	dried	 ink,	 they	have	been	useful	 to	understand	 the	variation	of	 the	cannula	















































the	 25-50%	of	 the	manipulated	 component	 [23].	 Since	we	were	 evaluating	 the	 rapidographs	 as	
alternative	to	the	ITIA	gripper,	we	wanted	to	adopt	dimensions	as	closest	as	possible.	Therefore,	
reminding	that	the	dimensions	for	the	patented	gripper	are	260	and	150	μm	for	the	hole	diameter	







Figure	 42	 –	 Rotring	 rapidographs.	 From	
above	 to	 below	 the	 0.2,	 0.25	 and	 0.3	
nibs.	
	
Figure	 43	 –	 The	 tips	 can	 be	 unmounted	
and	appear	like	in	this	photograph.	
	
Figure	 44	 –	 Rapidograph	 inner	 needle.	




the	 end	 and	 the	 inner	needle.	 Even	 the	mass	 (Figure	 44)	 that	 lays	 on	 the	needle	has	 the	 same	
diameter,	 length	 and	 weight.	 The	 following	 table	 and	 pictures	 contain	 all	 the	 most	 important	









Rapidograph	 Yellow	 0.2	 139	 79	 707	
Rotring	
Rapidograph	 White	 0.25	 152	 79	 707	
Rotring	





Figure	 45	 –	 Photograph	 of	 a	 rapidograph	 sectioned	 longitudinally:	 it	 was	
immersed	in	a	transparent	resin	to	keep	it	steady	and	then	polished	until	it	
















for	 the	work	 done.	 In	 the	 picture	 Figure	 45,	 they	 are	 visible,	 even	 if	 not	 clearly;	 however	 their	
dimensions	are	indicated.	


















In	 chapter	 4.4,	 we	 highlighted	 several	 times	 the	 importance	 of	 the	 lateral	 holes	 for	 the	
rapidographs,	 without	 explaining	 the	 reason.	 The	 dispenser	 gripper	 is	 completely	 closed,	made	
exception	for	the	inferior	hole	where	the	manipulated	component	is	grabbed.	Basing	ourselves	on	
this	 observation	 we	 initially	 sealed	 the	 rapidographs’	 lateral	 holes;	 moreover	 having	 two	
additional	holes	where	the	air	passes	through	(that	are	much	bigger	then	the	inferior	one)	make	
the	pressure	difference	to	fall.	In	fact,	remembering	the	equation	(4.1)	here	reported,	i.e.	that	the	
gripping	 force	 is	 function	of	pressure	difference,	 seemed	obvious	 that	 the	 lateral	 holes	need	 to	
stay	closed.	






- A	contribute	given	by	 the	difference	of	pressure	between	 the	 inferior	part	 and	 the	 superior	
one.	
- A	 contribute	 given	 by	 the	 drag,	 i.e.	 the	 friction,	 of	 air	 on	 the	 surfaces	 of	 the	 internal	
component.	




Figure	 48	 –	 Maximum	 difference	 of	 pressure:	 this	 scheme	 is	
meant	 to	 give	 an	 idea	 on	 how	 the	 air	 flows	 inside	 the	
rapidographs’	 nibs	 when	 the	 lateral	 holes	 are	 sealed.	




idea	on	how	the	air	 flows	 inside	 the	 rapidographs’	nibs	when	
the	 lateral	 holes	 are	 fully	 opened.	 A	 huge	 flow	 of	 air	 passes	









Those	 considerations	 made	 us	 understand	 that	 probably	 there	 was	 an	 optimal	 percentage	 of	
obstruction,	which	guarantees	a	good	trade-off	between	capability	of	lifting	objects	and	the	inner	
releasing	device.	After	several	attempts	we	found	empirically	a	good	isolation;	the	Figure	50	shows	
the	 results	 of	 this	 research.	 At	 first,	 the	 complete	 isolation	 was	 carried	 out	 by	 a	 rubber	 tube	
section,	which	ties	very	tight	the	nibs	not	allowing	the	passage	of	air.	Then	little	holes	were	dug	



















Rotring	Rapidograph	 Yellow	 0.2	 4	
Rotring	Rapidograph	 White	 0.25	 4.5	












































Rapidograph	yellow	0.2	 Operative	conditions	 With	needle	 38	 38	
Rapidograph	white	0.25	 Operative	conditions	 With	needle	 45	 45	
Rapidograph	green	0.3	 Operative	conditions	 With	needle	 40	 40	



















Rapidograph	yellow	0.2	 Operative	conditions	 With	needle	 43	 43	
Rapidograph	white	0.25	 Operative	conditions	 With	needle	 50	 50	
Rapidograph	green	0.3	 Operative	conditions	 With	needle	 45	 45	




















Rapidograph	yellow	0.2	 Operative	conditions	 With	needle	 49	 49	
Rapidograph	white	0.25	 Operative	conditions	 With	needle	 56	 56	
Rapidograph	green	0.3	 Operative	conditions	 With	needle	 51	 51	










a	 minimum	 passage	 of	 air,	 with	 very	 similar	 conditions	 between	 the	 ITIA	 gripper	 and	 our	
rapidograph	nib.	 In	 those	 cases,	 the	pressure	difference	with	 the	 atmosphere	 is	maximum,	 and	
consequently	 we	 can	 expect	 the	 maximum	 gripping	 force;	 this	 is	 actually	 true	 only	 for	 the	
patented	 device	 because	 the	 pen	 cannot	 lift	 its	 internal	 component.	 A	 second	 important	






So	 far,	we	 said	 that	we	opportunely	 or	 empirically	 closed	 them,	without	 giving	 a	measure	 or	 a	
percentage	of	this	blockage.	The	data	collected	can	bridge	this	gap.	We’d	invite	the	reader	to	look	
at	 Figure	 52:	 the	 three	 parabolas	 represented	 are	 constructed	 under	 different	 input	 conditions	
(4.5,	 5	 and	6	bar)	 and	are	 the	 result	 of	 an	 interpolation	between	 the	points	 drawn	as	+.	 Those	
points	are	the	data	collected	and	gathered	in	the	previous	tables;	they	have	the	vacuum	degree	as	
x-axis	and	the	lateral	hole’s	surface	as	y-axis:	since	we	know	their	diameter	(about	766	μm	each),	
it	 is	 easy	 to	 calculate	 their	 surface	 when	 they	 are	 fully	 opened,	 only	 one	 opened	 or	 fully	
obstructed.	 Instead	we	don’t	know	(because	it	 is	not	easy	to	measure)	the	unobstructed	surface	
when	 rapidographs	are	 in	operative	 conditions.	However,	 knowing	 the	 curves	and	projecting	on	
them	the	vacuum	degrees	registered,	we	can	have	an	estimation	of	their	openings	that	have	been	
drawn	 as	 little	 circles.	 As	 expected,	 the	 circles	 with	 the	 same	 colour	 approximately	 lay	 on	 a	
horizontal	 line,	which	 indicates	that	each	test	report	 the	same	value	correctly.	Not	only,	we	can	

















Figure	 52	 –	 Estimation	 of	 the	 level	 of	 occlusion	 for	 the	 lateral	 holes.	 The	 three	 parabolas	 here	 represented	 are	 the	 result	 of	 an	
interpolation	through	the	points	drawn	as	“+”.	The	coordinates	of	each	point	are	the	vacuum	degree	for	the	x-axis	and	the	surface	











lifting	 tests	 with	 some	 objects	 of	 different	 shapes	 and	 masses.	 Those	 experiments	 had	 the	
objective	to	find	the	limits	of	the	gripper.	For	each	object	lifted,	we	tried	different	input	pressures	
until	 we	 found	 the	 minimum	 to	 accomplish	 a	 safe	 grasping	 in	 order	 to	 verify	 its	 importance	
(postulated	in	the	previous	paragraph).	
The	 pneumatic	 circuit	 used	 is	 very	 similar	 to	 the	 previous	 one,	 exception	made	 for	 the	missing	
vacuum	gauge;	in	addition	we	used	an	USB	microscope	to	verify	the	correct	grasping.	









many	 similar	 objects	 (in	 this	 case	 screws)	 with	 different	 masses.	 Moreover	 we	 lifted	 those	










pressure	tried	was	7	bar,	since	this	 is	 the	operative	 limit	of	the	vacuum	generator.	The	data	are	













































OBJECT LIFT? DETACH? Minimum	Pin LIFT? DETACH? Minimum	Pin LIFT? DETACH? Minimum	Pin
Sphere	1 yes yes 4 yes yes 4.5 yes yes 4.5
Sphere	2 yes yes 4 yes yes 4.5 yes yes 4.5
Resistor yes yes 4.5 yes yes 4.5 yes yes 4.5
Washer yes yes 4.5 yes yes 5 yes yes 4.5
Screw	1 yes yes 4.5 yes yes 4.5 yes yes 4.5
Screw	2 yes yes 5 yes yes 4.5 yes yes 4.5
Golden	pulley	1 yes yes 5 yes yes 4.5 yes yes 4.5
Screw	3 yes yes 5 yes yes 5.5 yes yes 5.5
Clock's	hand yes yes 5.5 yes yes 5 yes yes 4.5
Screw	4 yes yes 4.5 yes yes 4.5 yes yes 4.5
Golden	pulley	2 yes yes 5 yes yes 4.5 yes yes 4.5
Rack yes yes 5.5 yes yes 5 yes yes 4.5
Screw	5 yes yes 5.5 yes yes 5.5 yes yes 4.5
Screw	6 no 7 no 7 yes yes 4.5
Screw	7 no 7 no 7 yes yes 5.5
Screw	8 no 7 no 7 yes yes 5.5
Plastic	dog	bone no 7 no 7 no 7
Screw	9 no 7 no 7 no 7
Silver	pulley	1 no 7 no 7 no 7
Golden	pulley	3 no 7 no 7 no 7
Silver	pulley	2 no 7 no 7 no 7
Silver	pulley	3 no 7 no 7 no 7
Silver	pulley	4 no 7 no 7 no 7









generator	 COAX	 Micro,	 we	 repeated	 the	 internal	 needle	 lifting	 test	 using	 that	 cartridge.	
Nevertheless,	 as	we	 already	 underlined	 (4.3.3),	 this	 device	 has	 a	much	 smaller	 flow	 rate	when	
compared	to	the	piINLINE	Mini;	so	reduced	that	the	test	failed.	In	the	following	chapters	(6.3),	we	





series	of	preliminary	 tests	 revealed	 that	 results	directly	depend	on	 the	complexity	of	 trajectory:	
e.g.	a	movement	along	the	z-axis	only,	 leads	to	an	easier	release	than	a	movement	along	two	or	
three	axis.	Therefore,	a	trajectory	more	similar	to	the	path	of	a	real	pick	and	place	operation	(multi	
axial	 movement)	 was	 adopted	 for	 the	 tests.	 The	 objects	 moved	 are	 a	 small	 resistor	 and	 a	 tin	
sphere,	since	the	same	objects	were	used	for	a	series	of	similar	pick	and	place	tasks	with	the	ITIA	
gripper.	Our	purpose,	 in	 fact,	 is	 to	produce	comparable	data	with	 those	 two	grippers.	The	 tests	






- The	 robot	 realises	 some	 movement	 along	 x-y-z	 axis,	 then	 it	 goes	 to	 a	 predefined	 release	
position.	







- The	 releasing	 distances	 are	 calculated	 through	 the	 difference	 of	 coordinates	 between	 the	
second	and	third	photographs.	
The	 input	 pressure	 to	 the	 system	was	 6	 bar	with	 an	 environmental	 temperature	 of	 about	 20°C	
[24].	
5.4.2. TESTS	WITH	THE	RESISTOR	
The	 resistor	 in	 Figure	 54	 was	 used	 as	 a	 first	 object	 to	 accomplish	 those	 preliminary	 tests.	 It	












to	 confirm	 a	 deterioration	 of	 performances	 in	 positioning	 with	 a	 slightly	 improvement	 in	
orientation.	The	worsening	of	20	μm	for	accuracy	and	more	than	100	μm	for	the	repeatability	 is	
mostly	 caused	 by	 the	 much	 heavier	 internal	 release	 mechanism.	 While	 the	 ITIA	 gripper’s	 one	
In	positioning	[mm] In	orientation	[°] In	positioning	[mm] In	orientation	[°]
Green	Rapidograph 0.077 -2.493 0.699 26.639









the	 release	 and	 the	 deterioration	 of	 performances	 can	 be	 balanced	with	 the	 application	 of	 an	
adhesive	substrate	[25].	
5.4.3. TESTS	WITH	THE	SPHERE	











does	 not	 hit	 the	 sphere	 in	 its	 centre	 causing	 a	 lateral	 translation	 (like	 in	 the	 game	of	 pool).	Of	
course,	 the	 heavier	 the	 mechanism	 the	 bigger	 the	 lateral	 movement.	 Those	 results	 are	 very	












As	 said	 in	 the	 3rd	 chapter,	 approaching	 the	 study	 of	 our	 vacuum	 grippers	 and	 their	 releasing	
mechanisms	 under	 the	 adhesive	 forces	 point	 of	 view	 is	 not	 convenient.	 The	 great	 number	 of	
variables	involved,	make	the	approach	not	suitable	for	general	treatment.	An	alternative	method	





In	 physics,	 the	Navier–Stokes	 equations	 describe	 the	motion	of	 viscous	Newtonian	 fluids.	 These	
momentum	balance	equations	arise	from	applying	Newton's	second	law	to	fluid	motion,	together	
with	 a	 constitution	 relation	 that	 relates	 the	 stress	 in	 a	 fluid	 to	 a	 diffusing	 viscous	 term	 and	 a	





𝑑𝜌𝑑𝑡 + 𝛻 ∙ 𝜌𝒒 = 0																																																																																						𝜌 𝑑𝒒𝑑𝑡 + 𝒒 ∙ 𝛻𝒒 = −𝛻𝑝 + 𝛻 𝜇 𝛻𝒒 + 𝛻𝒒 𝑻 − 23𝜇 𝛻 ∙ 𝒒 𝑰 + 𝑭	
(6.1)	
In	 (6.1)	 the	 second	 equation	 is	 the	 Navier-Stokes	 equation	while	 the	 first	 one	 is	 the	 continuity	






problem	must	 be	 formulated	 carefully	 for	 what	 concerns	 the	 geometry	 choices	 and	 the	 better	
boundary	conditions;	then	a	procedure	to	follow	must	be	studied,	hoping	to	find	a	solution.	Many	






𝒒 = 0	for	𝑟 = 𝑅	 (6.2)	
Where	𝒒	 is	the	velocity	vector	and	𝑟	 is	the	radial	coordinate.	The	imposed	boundary	condition	is	
called	 no-slip	 condition.	 We	 assume	 complete	 axis-symmetry	 around	 the	 z-axis.	 As	 a	 first	
assumption,	 we	 will	 postulate	 that	 the	 velocity	 vector	 has	 only	 one	 component	 different	 from	
zero,	 the	 one	 parallel	 to	 z-axis.	 If	 a	 consistent	 solution	 will	 be	 found,	 it	 will	 mean	 that	 this	
assumption	is	correct	and	that	the	flow	is	monodirectional.	





𝛻 ∙ 𝑞 = 1𝑟 𝜕𝜕𝑟 𝑟𝑞( + 1𝑟 𝜕𝜕𝜃 𝑞 + 𝜕𝜕𝑧 𝑞 = 0	 (6.4)	
Because	of	equation	(6.3):	
𝜕𝑞𝜕𝑧 = 0	 (6.5)	
thus:	
𝑞 = 𝑤 = 𝑤 𝑟, 𝜃 = 𝑤(𝑟)	 (6.6)	
Where	dependence	on	𝜃	is	neglected	to	enforce	a	complete	symmetry	around	the	z-axis.	Navier-
Stokes	equations,	under	stationary	conditions,	becomes:	
0 = 𝜕𝑃𝜕𝑟																																0 = 1𝑟 𝜕𝑃𝜕𝜃																												0 = −𝜕𝑃𝜕𝑧 + 𝜇𝑟 𝜕𝜕𝑟 𝑟 𝜕𝑤𝜕𝑟
	
(6.7)	
Where	𝑃 = 𝑝 + 𝜌𝑔ℎ	is	the	modified	pressure:	it	is	very	useful	in	hydrodynamics	but	it	can	be	used	
only	with	the	density	constant	and	when	the	pressure	p	does	not	appear	in	boundary	conditions.	𝑃	varies	with	z	only,	but	rewriting	the	last	equation	of	(6.7)	
𝜕𝑃𝜕𝑧 = 𝜇𝑟 𝜕𝜕𝑟 𝑟 𝜕𝑤𝜕𝑟 = 𝑐𝑜𝑛𝑠𝑡	 (6.8)	
It	is	easy	to	notice	that	the	first	member	does	not	depend	on	r	and	the	second	does	not	depend	on	
z.	Therefore	to	be	equal,	they	must	necessarily	be	constant.	So	we	have	that:	
1𝜇 𝑑𝑃𝑑𝑧 = 1𝑟 𝑑𝑑𝑟 𝑟 𝑑𝑤𝑑𝑟 	 (6.9)	
The	integration	leads	to	the	general	result:	





𝑤(𝑟) = − ∆𝑃∆𝑧 𝑅+4𝜇 1 − 𝑟𝑅 + 	 (6.11)	
The	 sign	 indicates	 that	 the	 flow	 is	 directed	 towards	 lower	 values	 of	 the	 modified	 pressure.	 In	
correspondence	of	the	axis	of	the	duct,	the	velocity	(maximum)	is:	
𝑤' = − ∆𝑃∆𝑧 𝑅+4𝜇	 (6.12)	
𝑤(𝑟) = 𝑤' 1 − 𝑟𝑅 + 	 (6.13)	
The	volume	flow	rate	is	obtained	upon	integration	of	the	velocity	across	a	duct	section:	




𝑄 = −∆𝑃∆𝑧 𝜋𝑅F8𝜇 	 (6.15)	
The	equation	(6.15)	is	known	as	Poiseuille	equation.	The	average	velocity	can	be	found	as:	















𝑤(𝑟) = −∆𝑃∆𝑧 	 14𝜇 𝑅+ − 𝑟+ − 𝑅+ − 𝑅<+ 𝑙𝑛 𝑟𝑅𝑙𝑛 𝑅<𝑅 	
(6.18)	
Setting	the	first	derivative	equal	to	zero	is	possible	to	find	the	maximum	velocity.	
𝜕𝑤(𝑟)𝜕𝑟 = − 2𝑟𝑅+ − 1 − 𝑅<𝑅 + 1𝑟𝑙𝑛 𝑅<𝑅 	 = 0	
𝑟𝑅 + = 1 − 𝑅<𝑅
+
2 ln 𝑅<𝑅 	
(6.19)	
Which	can	be	substituted	in	(6.18)	to	find	the	maximum	velocity:	
𝑤' = −∆𝑃∆𝑧 𝑅+4𝜇 1 − 1 − 𝑅<𝑅
+
2 𝑙𝑛 𝑅<𝑅 1 + 𝑙𝑛






𝑄 = 𝑤 𝑟 2𝜋𝑟	𝑑𝑟 = −∆𝑃∆𝑧 𝜋𝑅F8𝜇 1 − 𝑅<𝑅 F − 1 − (𝑅</𝑅)+ +2 ln 𝑅𝑅< 	
(6.21)	
Finally,	the	average	velocity	will	be	found	as:	
𝑤 = 𝑄𝐴 = 𝑄𝜋(𝑅+ − 𝑅<+) = −∆𝑃∆𝑧 𝑅+8𝜇 1 + 𝑅<𝑅 + − 1 − (𝑅</𝑅)+2 𝑙𝑛 𝑅𝑅< 	
(6.22)	
6.1.3. MAXIMUM	FLOW	IN	CONSTRICTED	NOZZLE	
In	 the	 previous	 paragraph	we	 treated	 currents	 for	 incompressible	 fluids,	 thus	 we	 considered	 a	
constant	density.	Under	this	assumption	and	introducing	a	small	perturbation	in	a	volume	of	such	
a	 fluid,	 it	 is	possible	 to	demonstrate	 that	 the	propagation	velocity	of	 the	perturbation	 is	 infinite	
which	 means	 an	 instantaneous	 propagation.	 Nevertheless,	 if	 we	 now	 consider	 a	 compressible	
fluid,	 this	 velocity	 becomes	 finite.	 Moreover	 when	 the	 fluid	 is	 an	 ideal	 gas	 in	 a	 reversible	
(isoentropic)	process,	this	velocity	can	be	calculated	as:	
𝑐 = 𝑘 𝑝𝜌 = 𝑘𝑅𝑇	 (6.23)	
Where	𝑝	 is	 the	 absolute	pressure,	𝜌	 is	 the	density,	𝑘	 is	 the	 ratio	of	 the	 specific	 heats	 (≈1.4	 for	
biatomic	gases),	𝑅	is	the	ideal	gas	constant	and	𝑇	is	the	temperature	[K]	
The	 speed	 𝑐	 is	 the	 sound	 velocity	 since	 it	 is	 actually	 a	 good	 approximation	 for	 the	 velocity	
propagation	of	 sound	waves.	Now	we	can	define	 the	 so	called	Mach	number,	which	express	an	
adimensional	ratio	between	the	velocity	of	the	gas	and	c.	















We	will	 consider	M=1	 in	 our	 section	 c:	 all	 the	 parameters	 and	 variables	 in	 this	 section	will	 be	
named	with	a	star	*.	It	is	possible	to	demonstrate	that	[26]:	
𝑇∗𝑇 = 2𝑘 + 1 = 0.83333				𝑓𝑜𝑟				𝑘 = 1.4	 (6.25)	
𝑝∗𝑝 = 2𝑘 + 1 ¡¡i*	 = 0.52828				for				𝑘 = 1.4	 (6.26)	






𝑚 = 𝜌𝑢𝐴 = 𝜌∗𝑢∗𝐴∗ = 𝜌∗𝑐∗𝐴∗ = 𝜌 𝜌∗𝜌 𝑐 𝑇∗𝑇 *+ 𝐴∗	 (6.28)	
Where	u	is	the	average	fluid	velocity	and	A	the	duct	section	surface.	Thanks	to:	
𝜌 = 𝑝𝑅𝑇 , 𝑐 = 𝑘𝑅𝑇, 𝜌𝑐 = 𝑝 𝑘𝑅𝑇	 (6.29)	
We	can	finally	obtain:	







apply	 these	 equations	 and	 formulae	 to	 our	 specific	 case,	 starting	 from	 the	 ITIA	 gripper.	 The	
following	Figure	58	has	 the	aim	to	show	the	main	dimensions	of	 the	pneumatic	circuit	between	
the	vacuum	generator	and	the	end-effector.	In	particular,	the	dimensions	of	the	4	mm	duct	were	













find	a	plausible	solution.	We	will	 treat	air	as	a	 fluid	with	a	dynamic	viscosity	of	1.98∙10-5	Pa∙s	 in	
incompressible	flow	with	density	of	1.225	kg/m3.	We	know	also	the	vacuum	degree	of	-70	kPa	in	
correspondence	of	 the	vacuum	generator	 (in	 this	case	 the	COAX©	Micro	Ti05-2)	measured	by	a	
digital	 vacuum	 gauge;	 this	 value	 permits	 to	 find	 the	 volumetric	 flow	 rate	 of	 0.02	 nl/s	 from	 the	






𝑃𝑉 = 𝑛𝑅𝑇	 (6.31)	
𝑉 = 𝑃?\A𝑉¤(A?I𝑃H(?\<u 	 (6.32)	
By	 doing	 this	 we	 find	 a	 flow	 rate	 of	 0.065	 l/s.	 Finally,	 the	 absolute	 difference	 of	 pressure	 is	
acquired	as	𝑃H(?\<u = 𝑃?\A + 𝑉𝑎𝑐𝐷𝑒𝑔,	so	31.3	kPa.	The	value	of	vacuum	degree	found	do	not	






circular	 ducts.	 In	 particular,	 we	 will	 modify	 the	 equation	 (6.15)	 to	 express	 the	 difference	 of	
pressures	as	function	of	volumetric	flow	rate:	
∆𝑃 = −8𝜇𝑄∆𝑧𝜋𝑅F 	 (6.33)	
Then	we	will	use	equation	(6.16)	for	the	average	velocity	calculation.	




Tube	of	4	mm 0.082 5.151 1275






or	a	 variation	of	 the	direction	of	 the	 fluid.	 They	are	also	 located	at	 the	 inlet	or	at	 the	outlet	of	
piping,	in	curves,	elbows	and	so	on.	In	our	case,	we	must	consider	the	junction	between	the	tubes	
of	4	and	6	mm.	Finding	the	exact	difference	of	pressures	is	not	an	easy	task	but,	since	we	are	not	
expecting	 important	 pressure	 drops	 in	 this	 section,	we	will	 use	 an	 approximation.	 To	 study	 the	
worst	possible	case,	we	will	suppose	a	brusque	section	change	with	the	maximization	of	pressure	
drop	[27].	
∆𝑃 = 12𝐾𝜌𝑉A+	 (6.34)	
Where	𝑉A	 is	 the	 average	 velocity	 of	 fluid	 calculated	 as	 the	mean	between	 the	 velocities	 in	 the	
tubes	already	seen.	𝐾	is	a	coefficient	extracted	from	the	Figure	59:	the	ratio	between	our	sections	
is	0.66,	so	𝐾	is	found	upon	linear	interpolation	between	the	inferior	and	superior	values.	















These	 data	 make	 us	 understand	 that	 the	 biggest	 difference	 of	 pressure	 is	 located	 inside	 the	


























those	 elements	 and	 so,	 as	 a	 first	 analysis,	 we	 will	 not	 consider	 the	 small	 cannula.	 The	 fluid	
dynamics,	 in	 this	 case,	may	 be	 treated	 as	 the	 flow	were	 incompressible	 because	 the	 flow	 and	
section	areas	are	much	higher.	In	particular,	we	want	to	analyse	the	green	pen	with	6	bar	as	input	
pressure	with	the	piINLINE	Mini	as	vacuum	generator.	We	will	explain	the	method	applied	for	the	






















we	will	 also	 calculate	 the	Reynolds	number	 (6.37)	and	 the	maximum	theoretical	 liftable	weight.	
For	the	former:	
𝑅𝑒 = 𝜌𝑤𝑑𝑆ª<«¬\𝜇𝑆ª<«¬\ = 𝑚	𝑑𝜇	𝑆ª<«¬\		 (6.37)	
Where:	
- 𝑑 = 𝑅 − 𝑅<.	
- 𝑆ª<«¬\ = 𝜋(𝑅+ − 𝑅<+).	










- 𝑆+ = 𝜋 𝑅<+ − 𝑅¤cI+ 	
- 𝑆* = 𝜋	𝑅¤cI+ :	 is	 the	 cross-section	 area	 of	 the	 internal	 needle.	 For	 the	 green	 nib	 the	𝑅¤cI=72.5	μm.	
- ∆𝑃¤cI	 is	 the	 difference	 of	 pressure	 along	 the	 internal	 needle,	 supposing	 atmospheric	
















𝑤 𝑟 = 𝐾 𝑟 − 𝑅< 𝑟 − 𝑅 = 𝐾 𝑟+ − 𝑅 + 𝑅< 𝑟 + 𝑅𝑅< 	 (6.41)	𝜕𝑤(𝑟)𝜕𝑟 = 𝐾(2𝑟 − 𝑅 − 𝑅<)	 (6.42)	𝜕𝑤(𝑅<)𝜕𝑟 = 𝐾(𝑅< − 𝑅)	 (6.43)	
It	is	then	possible	to	demonstrate	that:	
𝐾 = − 6𝑄𝑅 − 𝑅< +𝑆ª<«¬\			 (6.44)	
6.3.3. NUMERICAL	RESULTS	





























Lateral	holes	fully	opened 26 0.336 0.211 0.091 120 2205 93 652 745
One	lateral	hole	opened 45 0.195 0.164 0.071 93 1280 114 506 620




Those	 calculus	 seem	 to	 be	 correct:	 in	 fact,	 remembering	 that	 the	 releasing	mechanism	 for	 the	
rapidograph	 weighs	 707	 mg,	 the	 maximum	 masses	𝑀A?­ = 𝑀A?­* + 𝑀A?­+	 found,	 are	 very	
closed	to	that	value.	As	reasonable	the	contribute	given	by	the	drag	greatly	overcomes	the	other	
one.	Of	 course,	 the	 information	of	 the	 cases	 reported	 in	 the	 last	 two	 lines	 are	 in	 contrast	with	
experimental	 evidences:	 in	 both	 cases	 the	 internal	 needle	 is	 lifted.	 However,	 comparing	 those	
numbers	 to	 the	 ones	 found	 in	 paragraph	 6.2,	 we	 can	 conclude	 that,	 the	model	 applied	 is	 not	




















obtained.	 After	 the	 detailed	 descriptions	made,	 we	 can	 expect	 that	 the	 ITIA	 gripper	 would	 lift	
heavier	 objects	 due	 to	 its	 larger	 inferior	 hole	 and	 consequently	 greater	 flow	 rate	 inside	 the	
cannula.	 On	 the	 contrary,	 the	 rapidograph’s	 nibs	 may	 lift	 smaller	 parts	 but	 the	 release	 is	
guaranteed	by	the	very	heavy	mass	of	inner	needle.	Since	the	larger	the	objects	the	heavier	they	
are,	we	expect	that	if	a	component	is	lifted	by	ITIA	gripper	only,	probably	it	weighs	enough	to	fall	
with	 a	 very	 little	 help.	 On	 the	 contrary,	 smallest	 components	 that	 requires	 a	 heavier	 releasing	
system	are	very	light	and	can	be	lifted	by	the	technical	pens.	
Then,	after	 the	 fluid	dynamic	model	 constructed,	we	can	give	a	 further	explanation	on	why	 the	




the	 flow	 rate	 is	 null	 (therefore	 both	 the	 conditions	 that	 raise	 the	 inner	 component	 disappear).	









case,	we	have	 two	different	airflows:	one	coming	 from	 lateral	holes	and	 the	other	coming	 from	
the	small	cannula.	In	this	case	grabbing	the	object	closes	the	second	flux	only,	while	the	first	one	
(that	 is	 the	 largest)	 continues.	 This	maintains	 the	 internal	mechanism	 lifted,	 thanks	 to	 the	 high	
flow	rate	(chapter	6.3).	Thus,	the	needle	falls	only	when	the	vacuum	generator	is	turned	off:	so	the	
releasing	 is	 not	 only	 helped	 by	 the	 weight	 of	 the	 internal	 needle,	 but	 also	 from	 its	 linear	





set	of	 pick	 and	place	 tests	 should	be	 carried	out.	Otherwise,	 another	 interesting	 idea	would	be	
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In	 fluid	 dynamics,	 most	 of	 the	 times,	 the	 analytical	 solution	 of	 Navier-Stokes	 equations	 is	 not	
available	 due	 to	 their	 strong	 non-linearities.	 Rather,	 in	 most	 occasions,	 it	 is	 better	 to	 use	 a	
software	 for	 finite	elements	modelization.	Such	programs	allow	to	 find	solutions	even	when	the	
geometry	 is	very	complex	or	when	the	problem	does	not	admit	simplifications.	To	complete	our	
work	we	 tried	 to	 use	 numeric	 computation	 to	 gain	 some	 qualitative	 hints	 on	 of	what	 happens	




Unfortunately	 the	 theoretical	approach	 tried	 in	 the	chapter	6.2,	didn’t	brought	us	 to	 the	hoped	
results.	The	complexity	of	the	problem	requires	a	detailed	FEM	analysis	to	complete	the	study	of	
the	 gripper	 and	 to	 obtain	 quantitative	 results.	 We,	 therefore,	 used	 the	 software	 Comsol	




















- The	 vacuum	 degree	 considering	 the	 distributed	 and	 concentrated	 pressure	 drops	 as	 outlet	
condition	(Figure	63	-	label	4).	
We	considered	a	laminar	flow	in	stationary	condition,	the	internal	needle	lifted	and	no	object	that	
obstructs	 the	 inferior	 hole.	Under	 all	 those	 considerations	we	 found	 the	 velocity	distribution	of	
fluid	 everywhere	 (Figure	 64)	 and	 the	 pressures	 along	 the	 inferior	 and	 superior	 surfaces	 of	 the	
internal	needle	(Figure	65).	We	expect	that	the	total	pressure	difference	 is	distributed	along	the	














All	 the	 data	 contained	 in	 figures	 Figure	 64	 and	 Figure	 65	were	 exported	 to	MatLab	 for	 further	
analysis.	As	explained	 in	 the	previous	 chapter,	 the	 internal	mass	 is	 lifted	 thanks	 to	 two	actions:	
difference	of	pressure	and	drag.	For	the	first	one	we	calculated	the	average	value	of	each	curve	in	
graph	Figure	65	and	so:	
𝑀A?­* = 1𝑔 𝑃@¨H − 𝑃<¤© 𝑆¤cI	 (7.1)	
With	𝑆¤cI = 𝜋𝑅¤cI+ .	For	the	contribute	given	by	the	drag,	instead,	we	exploited	the	formula	
to	calculate	the	viscous	friction	force:	
𝐹©(<{\<¤ = 12𝜌𝐶c𝑆I?\𝑤+	 (7.2)	
𝑀A?­+ = 𝐹©(<{\<¤𝑔 	 (7.3)	
𝑀A?­ = 𝑀A?­* + 𝑀A?­+	 (7.4)	
In	the	(7.2):	




















Even	 if	we	obtained	 interesting	 results	with	 the	 theoretical	approach,	we	decided	 to	 try	a	 finite	
elements	analysis	also	for	the	rapidograph	nib.	We	used	once	again	the	green	pen’s	dimensions	to	
gain	comparable	outcomes	and	even	in	this	case	a	simplification	of	the	geometry	was	applied.	The	
lateral	 holes	 are	 considered	 completely	 opened	 and	 the	 internal	 needle	 in	 lifted	 position.	
Unfortunately,	 the	 rapidographs	 are	 not	 axis	 symmetric	 due	 to	 their	 lateral	 holes:	 as	 a	 first	
attempt	we	decided	to	conduct	a	3D	modelization,	but	we	could	not	find	sound	results.	Therefore,	




































𝑆«(u = 𝑆³?\´I@	2𝜋𝑅­\ℎ = 2𝜋𝑅³?\´I@+ 	
ℎ = 𝑅³?\´I@+𝑅­\ 	
(7.5)	
Where	𝑅³?\´I@	is	the	radius	of	the	each	lateral	hole	and	the	𝑅­\	is	the	radius	of	the	rapidograph	
“main	 chamber”.	We	 can	 expect	 that	 this	 approximation	 is	 quite	 far	 from	 the	 reality	 for	 what	
































il	 loro	 laboratorio.	 Sempre	 per	 quanto	 riguarda	 i	 docenti,	 desidero	 poi	 ringraziare	 anche	 i	
responsabili	dei	due	progetti	di	doppio	titolo	di	studio	a	cui	ho	partecipato.	Ossia	i	proff.	Manuel	
Berenguel	 Soria	 ed	 Antonio	 Visioli	 per	 quanto	 riguarda	 l’esperienza	 ad	 Almeria	 e	 le	 prof.sse	
Véronique	Perdereau	e	Viviane	Pasqui,	oltre	al	già	citato	Giovanni	Legnani,	per	il	progetto	di	Parigi.	
Il	ringraziamento	più	grande	è	comunque	rivolto	a	tutta	la	mia	famiglia,	in	modo	particolare	a	mia	
mamma,	mio	 papà,	 mio	 fratello	Marco	 e	 Dania.	 Il	 loro	 sostegno	 e	 la	 loro	 incrollabile	 pazienza	
(specialmente	 nel	 sopportare	 i	miei	 frequenti	 sbalzi	 d’umore)	mi	 hanno	 permesso	 di	 portare	 a	
termine	brillantemente	questo	fantastico	periodo	della	mia	vita.	Non	solo,	infatti	il	loro	appoggio	e	









folle	 di	 Mattia):	 quante	 birre	 insieme	 e	 quanto	 COD!	 Un	 grazie	 speciale	 va	 poi	 al	 club	 degli	
automatici	(Pasi,	Tine	e	co.)	ai	quali	non	ho	mai	fatto	mancare	un	certo	carico	d’ansia…	sebbene	
controvoglia,	 tra	 loro	 devo	 citare	 Emanuele	 per	 avermi	 retto	 (e	 viceversa)	 per	 svariati	 mesi	 di	
convivenza	forzata.	Ultimi,	ma	non	per	importanza,	ringrazio	i	ragazzi	del	caffè	letterario	cioè	tutti	
i	compagni	del	liceo	(e	anche	qualcuno	di	più),	che	rivedo	sempre	volentieri	e	con	cui	condivido	i	
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Often in microrobotics, the most critical moment while manipulating
very small components is the releasing phase: someadhesion forces, that
can be stronger than gravitational force, make this operation uncertain.
As obvious, having an object that stays attached to the gripper during the
releasing phase, it is a very unpleasant behaviour. The gripper studied in
the course of this thesis, uses the vacuum as manipulation strategy, but
tries to solve the issue of sticking forces adding a releasing mechanism.
Aim of this work was to collect enough experimental data to realize a
mathematical model of the end-effector, in order to highlight which
parameters should be modified to increase performances (in terms of
accuracyandrepeatability).
